Four manganese(II) complexes Mn 2 (paa) 2 (N 3 ) 4 (1), [Mn(paa) / 2 H 2 O (4) of three neutral N,N donor bidentate Schiff bases were synthesized and physico-chemically characterized by means of partial elemental analyses, electronic, infrared and EPR spectral studies. Compounds 3 and 4 were obtained as single crystals suitable for X-ray diffraction. Compound 4 recrystallized as Mn(dpka) 2 (NCS) 2 . Both the compounds crystallized in the monoclinic space groups P2 1 for 3 and C2/c for 4. Manganese(II) is found to be in a distorted octahedral geometry in both the monomeric complexes with thiocyanate anion as a terminal ligand coordinating through the nitrogen atom. EPR spectra in DMF solutions at 77 K show hyperfine sextets with low intensity forbidden lines lying between each of the two main hyperfine lines and the zero field splitting parameters (D and E) were calculated.
Introduction
Manganese complexes play important roles ranging from bioinorganic chemistry to solid-state physics. There has been considerable interest in synthesizing biomimetic complexes that can act as manganese containing enzymes such as superoxide dismutase (SOD) [1] . Interest in manganese complexes of varying nuclearities continues to be stimulated by the presence of manganese at the active sites of biological systems such as photosystem II in green plants, ribonucleotide reductase, superoxide dismutase, and the Mn catalases [2] [3] [4] [5] [6] [7] [8] [9] , the variability in magnetic behavior of polynuclear manganese clusters, which for some systems has been exploited in the development of information storage devices [10] [11] [12] and the use of such complexes as catalysts for bleaching and organic synthesis [13] [14] [15] .
In manganese biosystems, the azide ion is known to inhibit the superoxide dismutation in mononuclear superoxide dismutases via binding to the metal at the active site in both the Mn(II) and Mn(III) oxidation states [16] . The function of dinuclear active sites in Mn catalases, which catalyze the conversion of toxic peroxide to oxygen and water in certain bacteria, is also dramatically inhibited by azide [17] [18] [19] [20] [21] [22] .
Gao et al. reports the structure and magnetism of Mn(II) one dimensional coordination polymers built from azide bridges and Schiff base obtained by the condensation of pyridine-2-carbaldehyde with aniline and its derivatives [23] . The complexes synthesized contain alternating end-on and end-to-end azide bridges, which mediate alternating ferromagnetic and antiferromagnetic exchange interactions, respectively. Wen and coworkers prepared one dimensional chiral coordination polymers of manganese(II) using azide and a Schiff base (obtained from pyridine-2-carbaldehyde and 1-phenylethyl amine) as the auxiliary ligand [24] . In these complexes, there is weak antiferromagnetic coupling between Mn(II) ions. The use of di-2-pyridyl ketone in conjugation with dicyanamide and azide gave cubane and defective doublecubane clusters of Mn(II) respectively, both of which are found to be antiferromagnetic in nature [25, 26] . The use of Schiff base ligands in conjugation with groups viz. azide, thiocyanate etc. can give interesting results. In this context, we report the syntheses, structural and spectral characteristics of four Mn(II) complexes of the Schiff bases obtained by the condensation of pyridine-2-carbaldehyde with aniline, R-1-phenylethyl amine with aniline and di-2-pyridyl ketone with aniline. Azide and thiocyanate anions are used as coligands in these complexes.
Experimental

Materials
Pyridine-2-carbaldehyde (Sigma-Aldrich), di-2-pyridyl ketone (Sigma-Aldrich), aniline (S.D. Fine), R-1-phenylethyl amine (Alfa 
Physical measurements
Elemental analyses of the complexes were done on a Vario EL III CHNS analyzer at SAIF, Kochi, India. The IR spectra were recorded on a Thermo Nicolet AVATAR 370 DTGS model FT-IR spectrophotometer with KBr pellets at SAIF, Kochi. Electronic spectra of the complexes in acetonitrile solution were recorded on a Spectro UV-VIS Double Beam UVD-3500 spectrometer in the 200-900 nm range. The EPR spectra of the complexes were recorded on a Varian E-112 spectrometer using TCNE as the standard, with 100 kHz modulation frequencies and 0.2 mT modulation amplitude at the SAIF, IIT, Bombay, India. The magnetic susceptibility measurements were carried out at the Indian Institute of Technology, Roorkee, India, at room temperature in the polycrystalline state on a PAR model 155 Vibrating Sample Magnetometer at 5 kOe field strength.
X-ray crystallography
Single crystal X-ray diffraction measurements of complexes 3 and 4 were carried out on a Bruker Smart Apex 2 CCD area detector diffractometer at the X-ray Crystallography Unit, School of Physics, Universiti Sains Malaysia, Penang, Malaysia. The unit cell parameters were determined and the data collections were performed using a graphite-monochromated Mo Ka (k = 0.71073 Å) radiation at a detector distance of 5 cm at 100(1) K with the Oxford Cyrosystem Cobra low-temperature attachment. The collected data were reduced using SAINT program [28] and the empirical absorption corrections were performed using SADABS program [28] . The structures were solved by direct methods and refinement was carried out by full-matrix least squares on F 2 using the SHELXTL software package [29] . All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were geometrically fixed at calculated positions and allowed to ride on their parent atoms. Molecular graphics employed were ORTEP-III [30] and DIA-MOND [31] . Pertinent crystallographic data and structure refinement parameters are summarized in Table 1 .
Results and discussion
The condensation of aldehyde/ketone and amine in 1:1 M ratio yielded the Schiff base ligands, which were used without further purification for the synthesis of the complexes by reaction with the metal salts in presence of pseudohalides NaN 3 /KCNS. We were successful in obtaining the single crystals of complexes 3 and 4. Even after repeated trails, all our attempts to isolate good quality single crystals of the other complexes went in vain. All the complexes had the Schiff bases as neutral bidentate N,N donor ligands. A compound with the same empirical formula as that of compound 1 has been synthesized previously [23] . But the work emphasized the magnetic studies and the magnetostructural correlations of the compound with out any EPR spectral studies. In this paper we are reporting the EPR spectral investigations of the complex. Even though the Schiff base obtained by the condensation between di-2-pyridyl ketone and aniline has an additional N atom, that N is not coordinated to the metal as evidenced by the crystal studies of 4.
The room temperature magnetic susceptibility measurements of the compounds 1-4 showed values for magnetic moments in the range 5.73-6.05 BM, which are indicative of a high spin d 5 system [32] . The magnetic moment of compound 1 had a lower value, probably because of exchange interaction between the metal centers. All the complexes were found to be soluble in DMF, DMSO and acetonitrile, but only partially soluble in other organic solvents such as CHCl 3 , ethanol and methanol.
Crystal structure of Mn(papea) 2 (NCS) 2 (3)
The molecular structure of the complex along with the atomnumbering scheme is given in Fig. 1 . The complex crystallizes into a monoclinic crystal system with two molecules in the unit cell. Selected bond lengths and bond angles are listed in Table 2 . The complex crystallizes in the chiral space group P2 1 (No. 4) and the molecule is chiral due to the asymmetric nature of the Schiff base ligand. The ligand retains its configuration in the complex as well. Based on R and S configuration due to Cahn-Ingold-Prelog, the carbon atoms C7 and C21 have the R configuration, as is the case with the starting amine (R-1-phenylethyl amine). Mn(II) is in a distorted octahedral environment, which is occupied by four nitrogen atoms (N1, N2, N3 and N4) from two chelating bidentate Schiff base ligands papea and two nitrogens (N5 and N6) from two thiocyanate ions. The coordination polyhedron consists of MnN 6 chromophore with pairs of trans pyridyl N (N1 and N3), cis azomethine N (N2 and N4) and cis thiocyanate N (N5 and N6) atoms. The thiocyanate ions are coordinated in terminal manner via the nitrogen atom.
The bond lengths and bond angles reveal significant distortion from the ideal octahedral geometry. The rather small bite angle [N3-Mn1-N4 = 72.13 (3) . These structural features are in agreement with that observed in other structurally characterised complexes containing terminally N-bound thiocyanate groups [33] [34] [35] [36] [37] [38] . The Mn(II)-N bond length is shortest for thiocyanate nitrogens, indicating their stronger coordination than the pyridyl and azomethine nitrogens of the Schiff base. Mn-N pyridyl and Mn-N NCS bond lengths are similar to the ones reported for similar Mn(II)-thiocyanate monomeric complexes [35] [36] [37] [38] . Mn-N pyridyl and Mn-N azomethine bond distances are also comparable to Mn(II) complexes of some thiosemicarbazones reported previously [39] [40] [41] [42] . However these distances are slightly longer than those for the polymeric Mn(II)-azido complex using the same Schiff base [24] . Also the bond distances of the Schiff base in the complex are similar to those previously reported [24] . The mean plane deviation calculations show that the metal-chelate rings are almost planar. Ring puckering analysis [43] reveals that the metal chelate ring Cg(2) comprising of Mn1, N3, C19, C20 and N4 can be best described as being twisted on Mn1-N3 bond [Q(2) = 0.1000(8) Å and
The packing in the crystal lattice (Fig. 2) is in an ABAB. . .. manner, which when repeated, one dimensionally forms a layer and the successive layers arranged in a similar manner. No classical hydrogen bonds are observed in the crystal structure. The packing of the molecules in the crystal lattice is stabilized by C-HÁ Á Áp interactions and the weak pÁ Á Áp interactions (Table 3) . A weak C7ÀH7A(1)Á Á ÁCg(2) ring interaction comprised of Mn1, N3, C19, C20 and N4 atoms [with a HÁ Á ÁCg distance of 2.92 Å and an angle of 114°] stabilizes each molecule, while the pÁ Á Áp interactions between the rings Cg(1) comprised of Mn1, N1, C5, C6 and N2 atoms and Cg(6) comprised of C22, C23, C24, C25, C26 and C27 atoms [with a distance of 3.9557(7) Å between the ring centroids] reinforces the crystal structure cohesion in the packing.
Crystal structure of Mn(dpka) 2 (NCS) 2 (4)
The molecular structure of the complex along with the atomnumbering scheme is given in Fig. 3 . The complex crystallizes in a monoclinic crystal system with four molecules in the unit cell. Selected bond lengths and bond angles are listed in Table 2 .
The molecule is centrosymmetric and the structure consists of a neutral monomer in which the manganese(II) ions are octahedrally coordinated by two dpka ligands (through N1 and N3) and two terminal NCS À ligands (through N4). The pyridyl N atoms of the two Schiff bases, N3 are trans-located, while the azomethine N atoms (N1) and the thiocyanate N atoms N4 are cis-located in the complex. The N atoms (N2) present on the second pyridyl ring are not coordinated to Mn(II). The MnÀN distance is shortest for the thiocyanate nitrogens and longest for the azomethine nitrogens. The MnN 6 octahedra exhibit a noticeable distortion from the regular geometry. The rather small bite angle of 71.12(4)°correspond-ing to the N3ÀMnÀN1 bond angle signifies the extent of distortion. The thiocyanate groups are coordinated in terminal manner to the Mn(II) atom through the nitrogen atom. The NCS groups are quasilinear with an N4ÀC18ÀS1 bond angle of 178.50 (14) °and are bonded to the Mn(II) ion through an angle of 164.68(12)°. The MnÀN bond distances are in agreement with the previous reports [25, 26, [33] [34] [35] [36] [37] [38] 44] . Mean plane deviation calculations show that the metal-chelate rings are almost planar.
The MnÀN bond distances in compound 4 are smaller than that in 3 for the pyridyl and thiocyanate nitrogens. For the azomethine nitrogens, the MnÀN bond distance is longer in one of the Schiff bases in compound 3, but shorter in the other Schiff base coordinated to the manganese when compared with those in 4. The average Mn-N NCS bond distances are almost identical in the two complexes.
The packing of the molecules of 4 in the crystal lattice (Fig. 4) is in a head to tail manner. Classical hydrogen bonds are absent. The molecules are connected in the crystal lattice through a weak hydrogen bond interaction C (16) Table 3 . The assembly of molecules is in such a manner that there are cavities in the crystal lattice which are formed as a result of pÁ Á Áp and C-HÁ Á Áp interactions.
Infrared and electronic spectra
The IR spectra of the four complexes are quite similar. The m(C@N) absorption characteristic of the azomethine group of the Schiff base ligands occurs at ca. 1585 cm À1 as a medium band for all the complexes. The position of this band is in agreement with the previous reports and is thus indicative of the coordination of azomethine N [23, 46] . The medium band at ca. 1450 cm À1 is attributed to pyridyl ring stretching and the medium band at ca. 1013 cm À1 is due to pyridyl ring breathing. The in-plane ring deformation of the pyridyl ring and the pyridyl ring out-of-plane bending are observed at frequencies 600-700 and 400-500 cm À1 , respectively. The above observations indicate the pyridyl N coordination. The IR data are in conformity with the previous reports dealing with complexes having similar ligand systems [24] .
The most interesting part of the spectra of all the complexes is the region above 2000 cm Such higher wavenumbers of the m as (N 3 ) stretching is probably due to the presence of bridging azides. But in the absence of crystal structure, it is impossible to draw definite conclusions. The medium band at ca. 1329 cm À1 is assignable to the azido Symmetry transformations used to generate equivalent atoms: #1 = Àx, y, Àz + 1/2. Table 3 H-bonding, C-HÁ Á Áp and pÁ Á Áp interaction parameters. Table 4 .
EPR spectra
The spin Hamiltonian for Mn(II) may be described by the spin Hamiltonian
where B is the magnetic field vector, D is the axial zero field splitting term, E is the rhombic zero field splitting parameter, g is the g-factor, b the Bohr Magneton and S is the electron spin vector [48] . If D and E are very small compared to gbBS, five EPR transitions corresponding to Dm s = ±1, viz., |+5/2> M |+3/2>, |+3/2> M |+1/2>, |+1/2> M |À1/2>, |À1/2> M |À3/2> and |À3/2> M |À5/2> are expected with a g value of 2.0. However, for the case where D or E is very large, the lowest doublet has effective g values of g || = 2, g \ = 6 for D -0 and E = 0 but for D = 0 and E -0, the middle Kramers doublet has an isotropic g value of 4.29 [49, 50] .
The EPR spectral parameters of all the complexes are listed in Table 5 . The solid state EPR spectrum of complex 1 at 298 K is characterized by a broad signal with g value of 2.009. However, in the spectrum of 2, in addition to the signal at 2.018, there is another broad weak signal with g value of $4.324. The solid state EPR spectra of 3 and 4 at 77 K displayed three signals including low field signals at 5.794 and 4.569, respectively. The three g values indicate that the Mn(II) in these complexes are rhombically distorted. The signals of 3 and 4 were very broad due to dipolar interactions and a random orientation of the Mn 2+ ions [49] . Manganese hyperfine splitting is not observed in the solid state spectra of any of these complexes. In the spectra from DMF solutions at 77 K, a hyperfine sextet is observed for 1, 2, 3 and 4. The six hyperfine lines are due to the interaction of the electron spin with the nuclear spin ( 55 Mn, I = 5/2). For complexes 1 and 2, a broad signal in the low field region is also observed with g values of $4.353 and $5.778, respectively. All the spectra taken in DMF at 77 K of these complexes were simulated using EasySpin [51] and they are represented in Figs. 5-8. The observed g values are very close to the free electron spin value, suggestive of the absence of spin orbit coupling in the ground state. Also they are in agreement with the values reported previously for structurally similar Mn(II) complexes and is indicative of the distorted octahedral geometry of Mn(II) [38] . The A values are consistent with an octahedral coordination, since A in tetrahedral sites is 20-25% lower than in octahedral sites. The A values are somewhat lower than pure ionic compounds, which reflects the covalent nature of the metal-ligand bonds in the complexes. The mixing of the nuclear hyperfine levels with the zero field splitting factor of the Hamiltonian (D and E) produces low intensity forbidden lines lying between each of the two main hyperfine lines in the frozen solution spectra of the complexes 1, 3 and 4 [52] . Axial splitting factor D and the rhombic splitting factor E were calculated for the complexes 1, 2, 3 and 4. The forbidden peaks are not visible in complex 2 due to broadening of the main hyperfine lines in the spectrum. The E/D ratio is significantly affected by the geometry and the coordination number of the complex. It varies from pure axial systems (E/D = 0) to close rhombic ones (E/D = 1/3) and it mostly depends on the nature of the neutral ligands [53] . E/D ratios of these complexes are consistent with the reported values of distorted octahedral and five-coordinated Mn(II) complexes [53, 54] . However, no conclusion can be drawn from the grater deviation of the ratio of the complex 2 from that of the other complexes.
Supplementary data
CCDC 287861 and 744574 contain the supplementary crystallographic data for Mn(papea) 2 (NCS) 2 and Mn(dpka) 2 (NCS) 2 . These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
